This paper presents a model of an electric variable valve timing (EVVT) system and its closed-loop control design with experimental validation. The studied EVVT uses a planetary gear system to control the engine cam timing. The main motivation of utilizing the EVVT system is its fast response time and the accurate timing control capability. This is critical for the combustion mode transition control between the spark ignition (SI) and homogeneous charge compression ignition (HCCI) combustion, where the engine cam timing needs to follow a desired trajectory to accurately control the engine charge and recompression process. A physics-based model was developed to study the characteristics of the EVVT system, and a control oriented EVVT model, with the same structure as the physics-based one, was obtained using closed-loop system identification. The closed-loop control strategies were developed to control the EVVT to follow a desired trajectory. Both simulation and bench test results are included.
Introduction
Variable valve timing (VVT) systems, used in internal combustion engines, were developed in the nineties [1] and have since been widely used due to the growing fuel economy demands and emission regulations. VVT systems improve fuel economy and reduce emissions at low engine speed, and improve engine power and torque at high engine speed. Conventional electronichydraulic VVT [1, 2] , also called hydraulic VVT, is the most widely used in the automotive engines today. The hydraulic VVT systems require minor changes when applied to traditional non-VVT valve-trains [1] , which make design and manufacturing relatively easy. However, due to its mechanism, the hydraulic VVT system also has its limitations [3] .
The performance of hydraulic VVT systems is significantly affected by the engine operational conditions such as engine oil temperature and pressure. For instance, at low engine temperature, the hydraulic VVT system cannot be activated and has to remain at its default lock position so that the cold start performance and emissions cannot be improved [3] . This leads to the study of other variable valve-train systems, such as electromagnetic [4] , hydraulic [5] , electropneumatic [6] , and electric motor-driven planetary gear systems [7, 8] . Comparing to hydraulic VVT, the electric motor-driven VVT (or electric VVT) is that its performance is less dependent of engine oil temperature and pressure [3] ; and it has wider operational range, and hence, it improves engine performance over a wider operational range. Especially, since the EVVT system is actuated by an electric motor, its performance, such as response time, is independent of the engine oil pressure and can be greatly improved by selecting a proper electric motor.
The major advantage of HCCI combustion is realized by eliminating the formation of flames. That results in much lower combustion temperature. As a result, the formation of NOx (nitrogen oxides) is greatly reduced. The lean burn nature of the HCCI combustion also enables unthrottled operation to improve engine fuel economy. Unfortunately, HCCI combustion is feasible only over a limited engine operational range due to engine knock at high load and misfire at light load. Achieving HCCI in an automotive internal combustion engine requires it to operate in the SI combustion mode at high load and in the HCCI combustion mode at low and medium load [9, 10] . This makes it necessary to have a smooth transition between SI and HCCI combustion modes.
Achieving HCCI combustion and controlling the mode transition between SI and HCCI combustion in a practical engine require a few enabling actuating and sensing technologies. They are used to control the thermodynamic and gas mixture conditions in the combustion chamber at the intake valve closing. The engine actuating subsystems under consideration includes variable valve actuation (cam-based or camless), dual fuel systems (port and direct fuel injection with multiple fuel injections), supercharger and/or turbocharger, exhaust energy recuperation and fast thermal conditioning of the intake charge mixture, spark-assist HCCI combustion, etc. Variable valve actuation can be used to control the effective compression ratio (via the intake valve closing time), the internal residual fraction via the negative valve overlap (also called recompression); see Refs. [11, 12] , or secondary opening of the exhaust valve (residual re-induction); see Refs. [11, 12] . Although hydraulic VVT systems played critical roles in accomplishing smooth mode transitions from SI to HCCI and vice versa, see Refs. [13] [14] [15] , in addition to providing the basic control of the HCCI combustion (i.e., ignition timing and burn rate or duration), its slow response time limits the performance of mode transition and extends the transition duration. A typical EVVT system is more than five times fast than the traditional VVT one and is capable of accurately tracking the desired cam phase. The EVVT system studied in this paper was used to control the engine valve timings at either SI or HCCI combustion mode, and to track the desired cam phase trajectory during the combustion mode transition for optimized performance.
A feedback controller was introduced in Ref. [8] to control the electric planetary VVT system. The closed-loop EVVT system needs to meet both steady-state regulation and dynamic tracking performance requirements, due to the steady-state and transient requirements of the HCCI combustion. Therefore, a feedback control combined with the feedforward control was developed for the simulation study. The cam phase is the integration of speed difference between the EVVT motor and engine camshaft in an EVVT system. This leads to using the camshaft reference speed as the feedforward control for the EVVT motor. An output covariance constraint (OCC) controller [16] [17] [18] , an H 2 controller with specially selected output weight [18] , was used for feedback control to reduce both steady-state and tracking errors. Performance of the OCC controller was compared to well-tuned proportionalderivative (PD) controllers, and the OCC controller with feedforward provides improved cam phase tracking control over the PD control. Different cam phase sample rates were also studied and results show that four samples per engine cycle are sufficient for the OCC feedback control.
The physical-based model and simulation results provide a modeling and control framework for the EVVT bench. The EVVT system with a local speed controller was mounted on an engine head. An electric motor was used to simulate the rotating engine crankshaft. The EVVT pulley was connected to the motor through a timing belt. Because of the complexity of the actual system and unknown motor local speed control parameters, the developed physical-based model was difficult to calibrate. As a result, closed-loop system identification [19] was used to obtain the model calibrations. The q-Markov COVariance Equivalent Realization (q-Markov Cover) system identification method [20] [21] [22] using PRBS (pseudorandom binary signal [22] ) was used to obtain the closed-loop system models. The EVVT open-loop system model was calculated based upon the identified closed-loop model. The q-Markov Cover theory was originally developed for model reduction. It guarantees that the reduced order system model preserves the first q-Markov parameters of the original system. The realization of all q-Markov Covers using input and output data of a discrete-time system is capable of system identification. Q-Markov Cover for system identification uses pulse, white noise, or PRBS as input excitations. It can be used to obtain the linearized model with matching input/output sequence for nonlinear systems [22] . It was also been extended to identify multirate discrete-time systems when input and output sampling rates are different [23] . An OCC controller [18] was designed based upon the identified model. This paper is organized as following. Section 2 describes the EVVT model and system architecture. Section 3 introduces the feedforward control and the closed-loop OCC control design. Section 4 provides the simulation results. EVVT test bench setup is discussed in Sec. 5. System identification frameworks are discussed in Sec. 6; and the experimental results are shown in Sec. 7, along with the study of performance impact of the engine oil viscosity. Conclusions are drawn in Sec. 8.
EVVT Modeling
2.1 Planetary EVVT Components. The planetary gear EVVT system studied in this paper consists of four major components (see Fig. 1 ). Ring gear, serves as VVT pulley, is driven directly by a crankshaft through a timing belt at half crankshaft speed. Planet gear carrier is driven by an electric motor. Planet gears engage both ring and sun gears. Sun gear is connected to the camshaft. The sun and planet gears are passive components that obtain kinetic energy from carrier and ring gears. Comparing to other components, the inertia of engine fly wheel and crankshaft is fairly large. As a result, dynamics of the ring gear is ignored in the model. All other components have known mechanical properties and their dynamics are considered in the modeling.
Planetary Gear System
Kinematics. In a planetary gear system [24] shown in Fig. 1, angular 
where x s , x c , and x r are angular velocities of the sun, carrier, and ring gears, respectively. n r and n s are the teeth numbers of ring and sun gears. Laplace transformation [25] of Eq. (1) can be expressed as
The cam phase angle / is the integration of the double difference between camshaft and crankshaft speeds. That is
and its corresponding Laplace transformation is
Substituting Eq. (2) into Eq. (4) yields
Equation (5) shows that the cam phase is an integral function of speed difference between carrier and ring gears. By controlling the EVVT motor speed with respect to the engine crankshaft speed, cam phase can be adjusted. When the carrier speed is equal to the ring speed, cam phase is held; when the carrier speed is greater than the ring speed, cam phase is advancing; and when the carrier speed is slower than the ring speed, cam phase is retarding. Notice that Eq. (5) contains an integrator, and target cam phase reference cannot be used as feedforward control directly. For simplicity, the gear system friction is ignored in this modeling study. Figure 2 shows free body diagrams of planetary gear components.
Without loss of generality comparing with the system in Fig. 1 , the system is treated as having only one planet gear ( Fig. 2(a) ). Assuming that all the gears are properly engaged, the following equation is derived:
where n p is planet gear number of teeth. r s , r p , and r r are pitch circle radius of sun, planet, and ring gears, respectively. In this study, the gears use a standard pressure angle h of 20 deg. Since the ring has a very large inertia comparing to other components, angular velocity of the ring x r is assumed to be constant during the phase shifting. From Eq. (2)
There are two torques applied to the sun gear ( Fig. 2(b) ). They are camshaft load T cam and torque from tooth force F 34 .
where J s is sun gear's moment of inertia with respect to its center of gravity. Two tooth forces ( F 43 and F 13 ) and one bearing force from carrier F 23 are applied to planet gear (see Fig. 2 (c)) that rotates around the bearing on the carrier at x p 9) and from torque balance with respect to bearing point
where J p is planet gear moment of inertia with respect to its center of gravity. The planet gear also rotates about the center of sun gear. Therefore
where the direction and magnitude of bearing force F 23 are unknown. The planet gear moment of inertia with respect to the center of sun gear J ps can be calculated by
Since the carrier is driven directly by the motor shaft, the carrier inertia is also considered as part of motor shaft inertia, and modeled in Sec. 2.4. Torque balance of carrier is
where T load is the mechanical load to the motor shaft and F 32 is the bearing force from planet gear.
Equations (6)- (13) can be simplified as follows:
where constant J gears is an equivalent inertia of the planetary gear system, and k is a factor of gear ratio.
EVVT Motor Dynamics
An electric motor is used to drive carrier in the planetary system. A local closed-loop speed governor is used to control both the motor speed and direction. The input to the local motor controller is the reference speed and direction. The motor and its controller are treated as an actuator in this study (Fig. 3) . It is modeled with two inputs of motor velocity command and cam load, and one output of motor shaft speed.
The mechanical load of the motor can be modeled [25] as
where J c is the moment of inertia of motor shaft and carrier, B is the friction coefficient, and s is the motor torque. Substituting Eq. (14) into Eq. (15) leads to (16) and the associated transfer function can be written as Modeling procedure of the electrical portion can be found in Ref. [25] . Let J ¼ J c þ J gears , the electric motor with planetary gear load (Fig. 3) can then be represented by
where the voltage input transfer function is (19) and the mechanical input transfer function is
and K s , K m , L m , and R m are the motor parameters representing motor torque constant, back electric magnetic field constant, armature inertia, and resistance, respectively. Note that the model described by Eqs. (18)- (20) were used to determine the order of the identified system model described in Sec. 6 and used for simulation validation and evaluation of the closed-loop system performance. 
where x c is the controller state; u is the control output; and z is the noisy measurement input. Note that matrices F; A c ; and G are control design parameters. Then, the resulting closed-loop system is xðk þ 1Þ ¼ AxðkÞ þ DwðkÞ yðkÞ ¼ y p ðkÞ
where
Formulas for the closed-loop system matrices A, C, and D can be obtained based upon Eqs. (21) and (22) .
Consider the closed-loop system (23) . Let W p and V denote positive definite symmetric matrices with dimensions compatible to the process noise w p and measurement vector z, respectively. Define W ¼ block diag W p V ½ and let X denote the closedloop controllability Gramian from the input W À 1 2w. Since A is stable, X satisfies
The goal is to find controllers of form (12) that minimize the (weighted) control energy traceðRC u XC T u Þ with R > 0 subject to the following constraint:
where Y > 0 is given and X solves (24) . This problem, called the OCC problem [18] , is defined as finding a full-order dynamic output feedback controller (22) for system (21) that minimizes the following cost
subject to constraints (24) and (25) . The OCC problem has several interesting interpretations. For instance, assume first that w p and v are uncorrelated zero-mean white noises with intensity matrices W p > 0 and V > 0. Let E be an expectation operator, and E½w p ðkÞ ¼ 0;
it is easy to see that OCC is the problem of minimizing E 1 u T Ru subject to the OCC constraint
It is well known that this constraint may be interpreted as constraint on the variance of the performance variables or lower bounds on the residence time (in a given ball around the origin of the output space) of the performance variables; see Ref. [26] for details.
The OCC problem can also be interpreted from a deterministic point of view. To see this, define the ' 1 and ' 2 norms as follows:
and define the (weighted) ' 2 disturbance set
where W > 0 is a real symmetric matrix. Then, for any w 2 W, the following is true (see Refs. [27, 28] for details)
where n u is the dimension of u; r Á ½ denotes the maximum singular value; and Á ½ ii is the diagonal entry. Moreover, Refs. [27, 28] show that the bounds in Eq. (30) are the least upper bounds for any signal w 2 W.
Thus, using Y ¼ I 2 in Eq. (25) and R ¼ diag r 1 ; r 2 ; …; r nu ½ in Eq. (26), the OCC is the problem of minimizing the weighted sum of worst-case peak values on the control signals (related to actuator sizing) given by
subject to the constraint on the worst-case peak value of the performance variables of the form
This interpretation is important in applications where hard constraints on responses or actuator signals cannot be ignored such as space telescope pointing error and machine tool control problems. Detailed proof can be found in Ref. [16] . The controller matrices A c , F, and G can be calculated using an iterative algorithm introduced in Refs. [16, 18] . Figure 4 shows an overview of the control system architecture. The system parameters are listed as following and the controllers were designed based on these parameters.
Control Design
The voltage input transfer function is
the mechanical input transfer function is
and the motor has a local proportional integral derivative (PID) controller defined by
Teeth numbers of the gear-train are listed in Table 1 . Substituting these values into Eq. (5) results the planetary kinematics Figure 5 describes the cam torque load of each cylinder over an engine cycle. It consists of three portions: constant friction load, sinusoidal load representing cam profile, and steps represent the valve spring preload. In the study, a four cylinder engine is simulated. The total load is a combination of four single cylinder loads with 180 deg phase shift for each cylinder, assuming the cam drives both intake and exhaust valves.
Feedforward Control.
A feedforward controller was employed to improve the system response. The reference cam phase was not used directly as feedforward control due to the physical characteristics of the EVVT system stated in Sec. 3.2; instead, the derivative of the cam phase reference signal was used due to the planetary kinematics shown in Eq. (36). The feedforward gain was determined by the ratio between desired cam phase slope and the motor speed. Using Eq. (36), feedforward gain K FF can be determined as 
3.5 OCC Feedback Control Design. The OCC control design considers the mechanical cam load as a disturbance, the EVVT controller input as a plant input, and the cam phase as an output, the electrical portion system matrices of the EVVT system ( 
The control design parameters were chosen as
Using the control design algorithm introduced in Ref. [18] , the resulting OCC controller is 
The system transfer function (42) and its state-space realization (40) provide a system model for control design and simulation study conducted in Sec. 4; and it also provide the system order selection information for system identification conducted in Sec. 6.
Simulation Study
The EVVT reference signal was selected as a forty crank degree phase retard that completes in three engine cycles to simulate the EVVT operation under SI and HCCI combustion transition. The transition reference signal is divided into three stages with a constant slope within one engine cycle for simplicity. The retard phase is 50% (20 deg) for the first engine cycle, 33.3% (40/ 3 deg) for the second cycle, and 16.7% (20/3 deg) for the third. The phase control signal was sampled every 5 ms and the feedback signal is updated four times per engine cycle. For instance, at 1500 rpm the cam phase is sampled every 20 ms. The closedloop system performance at two engine speeds, 1500 rpm and 2000 rpm, was studied. Figure 6 compares the cam phase responses among three controllers, OCC, PD WF , and PD WOF at 1500 rpm. It shows that the initial response of the PD controller with feedforward (PD WF ) is much faster than the PD controller without feedforward (PD WOF ). However, due to the relatively low gain of the PD controller with feedforward, after the second cycle, it has a larger overshoot with longer settling time than the PD controller without feedforward. However, the OCC controller demonstrates fast response time with low overshoot. Table 2 shows cam phase angles at the end of each engine cycle after the SI and HCCI transition starts. The OCC controller with feedforward has the lowest overall tracking errors. Figure 7 provides the same time responses as Fig. 6 at 2000 rpm. It is noticed that the performance is quite different at engine speeds of 1500 and 2000 rpm (see Figs. 6 and 7) . Table 2 compares the cam phase error at the end of each engine cycle numerically and shows that the tracking error increases at 2000 rpm. This could be due to the increased rate change of the reference cam phase signal in time domain as the engine speed increases from 1500 to 2000 rpm since the engine cycle period reduced from 80 ms at 1500 rpm to 60 ms at 2000 rpm.
The tracking errors with increased feedback sampling rates were also studied and the results are shown in Table 3 . The simulation data show that the tracking error reduces when the number of samples increased from four samples per engine cycle to eight.
However, further increment of number of samples does not reduce the tracking error significantly. Especially, with the OCC design, the tracking error is fairly small with four samples per cycle. Therefore, considering the limited tracking error reduction and increased computational requirement with high sample rate, it is determined that using four samples per engine cycle is proper for this application.
As a summary, simulation results show that the OCC controller has a lower overshoot than a well-tuned proportional controller, while with comparable response time, and four samples per engine cycle for the cam position is suitable for the EVVT control application.
The EVVT Test Bench Setup
A test bench was constructed for system identification and control validation of the studied EVVT actuator system. The test setup was very similar to the hydraulic VVT system bench [19] , except the hydraulic VVT was replaced by an EVVT system. The EVVT system has a phasing range of 45 deg and is controlled by an AC motor with its own PID speed governor. An Opal-RT (Hardware-in-the-loop test equipment manufacture, located in Montr eal, Qu ebec, Canada) real-time prototype controller controls the cam phase by adjusting the reference speed pulse-width modulation (PWM) signal sent to the motor speed governor. The PWM signal frequency is directly proportional to the command speed and the local motor controller has its own cut-off frequencies at both high and low motor speeds. A Ford 5.4L V8 engine head was used for the test bench. An electric motor was used to simulate the motion of the engine crank shaft. An encoder was installed on the motor shaft that generates crank angle and gate (360 deg per pulse) signals. A hall-effect cam position sensor was installed with a four-slot cam disc, which generates four pulses per engine cycle. Therefore, the cam position is updated four times every engine cycle. Figure 8 shows the diagram of the EVVT test bench with key system components and Fig. 9 is a picture of the associated test bench. The cam position sensing system has a theoretical resolution of 1/64 crank degree. An electric oil pump was used to supply oil for the valve-train system and the EVVT planetary gear system, and the EVVT bench was running at room temperature (25 C) . This setup enables the system identification and control experimental work.
System Identification Framework
Consider a general form of linear time-invariant closed-loop system shown in Fig. 10 , where r is the reference signal; n is the measurement noise; u and y are system input and output, respectively. As discussed in Sec. 1, there are many approaches for the closed-loop system identification, which can be categorized as direct, indirect, and joint input-output approaches. In this paper, the controller knowledge is used to calculate the open-loop plant model from identified closed-loop system model, which is called indirect approach. To ensure the accuracy of the identified plant, the closed-loop controller in this paper was selected to be proportional [29, 30] .
The input and output relationship of the generalized closedloop system, shown in Fig. 10 , can be expressed below:
LetĤ be identified closed-loop transfer functions from r to y. The open-loop system model G ID can be calculated using identifiedĤ, assuming that ðIÀĤÞ is invertible. The controller transfer function is used to solve for the open-loop system models. Then, the following can be derived:
PRBS signal is used as an input signal for identifying the closed-loop system model. The most commonly used PRBSs are based on maximum length sequences (called m-sequences) [31] for which the length of the PRBS is m ¼ 2 n À 1, where n is an integer (order of PRBS). Let z À1 represent a delay operator, and definepðz À1 Þ and pðz À1 Þ to be polynomials
where a i is either 1 or 0, and obeys binary addition, i.e.,
and the nonzero coefficients a i of the polynomial are defined in the following (Table 4) and also in Ref. [31] . Then, the PRBS can be generated by the following formulâ uðk þ 1Þ ¼pðz À1 ÞûðkÞ; k ¼ 0; 1; 2; … (47) whereûð0Þ ¼ 1 andûðÀ1Þ ¼ûðÀ2Þ ¼ Á Á Á ¼ûðÀnÞ ¼ 0. Defined the following sequence
Then, the signal uðkÞ ¼ sðkÞ ½Àa þ 2aûðkÞ (49) is called the inverse PRBS, where obeys 
It is clear after some analysis that u has a period 2 m and u(k) ¼ Àu(k þ m). The mean of the inverse PRBS is
and the autocorrelation (R uu ðsÞ ¼ E 2m uðk þ sÞuðkÞ) of u is R uu ðsÞ 1 2m
Àa 2 =m; s even; a 2 =m; s odd:
Note that the first and second order information of the inverse PRBS signal is very close to these of white noise for a large enough m. The inverse PRBS is used in the q-Markov Cover identification. For convenience, in the rest of this paper, the term "PRBS" is used to represent the inverse PRBS.
Consider an unknown (presumed nonlinear) system xðk þ 1Þ ¼ f ðxðkÞ; wðkÞÞ yðkÞ ¼ gðxðkÞ; wðkÞÞ (53) subjected to an input sequence fwð0Þ; wð1Þ; wð2Þ; …g generating the output sequence fyð0Þ; yð1Þ; yð2Þ; …g. The unknown system is q-identifiable, if there exists a linear model of the form:
xðk þ 1Þ ¼ ðkÞ þ DwðkÞ yðkÞ ¼ CxðkÞ þ HwðkÞ (54) that can reproduced the same output sequence fyð0Þ; yð1Þ; yð2Þ; …; yðq À 1Þg, subject to the same input sequence fwð0Þ; wð1Þ; wð2Þ; …; wðq À 1Þg. In case that the system is not [32, 33] ). The above q-Markov Cover system identification framework was used in Sec. 7 to obtain the linearized EVVT model for control design.
EVVT Control System Bench Tests
This section discusses the bench system identification and control design based upon the identified EVVT model. The closedloop control is presented at the end of the section.
7.1 Closed-Loop Identification of EVVT System. The engine feedforward speed (half engine speed) was used during the system identification. The main reason is that the EVVT model uses the speed difference between the motor and half engine speed as the input; see Eq. (5). Since the engine speed changes much slower than the EVVT phasing speed, it is considered as a constant during the cam phasing. The resulting identified model has the following form:
where U is the cam phase; G evvt ðsÞ is the identified EVVT model; u is the speed command from the controller; and the constant 1 2 x eng is half engine speed. The PRBS was used as the reference signal for the closed-loop identification and its amplitude was selected to be 10 deg centered at 20 deg advance from the most retarded position. A proportional controller with a gain of 0.07 was used for the system identification. The EVVT system was identified at 1000 and 1500 rpm due to the speed limitation on the test bench. Parameters used in the identification are listed in Table 5 . The order of the identified EVVT model was chosen to be four that is the same as the physical model (40). A nominal system model was obtained as A proportional controller (60) was tuned for performance comparison. Note that the dc gains of both controllers are fairly close. The proportional controller was tuned to achieve fast response time with low overshoot at both 1000 and 1500 rpm for a square wave reference signal (see Fig. 11 ). Note that the same OCC controller was used at both engine speeds.
K P ðsÞ ¼ 0:08 ð1000 rpm=degÞ (60) (38) . Different reference signals were used to validate the trajectory tracking performance of the EVVT bench system.
The reference cam phase is a 20 crank degree phase advance or retard signal with a 10 deg linear phase change for the first engine cycle, 6.67 deg for the second, and 3.33 deg for the third, respectively. This signal was also used as the reference signal in simulations (Fig. 12) . From Fig. 12 , it is shown that the OCC controller has lower overshoot than the proportional controller at 1000 rpm. At 1500 rpm, overshoots for both controllers are very low. The OCC controller has a faster response time than the proportional controller in both engine speeds. Settling times for the two controllers are also very close to each other.
A series of sinusoidal waves was used to test the frequency response of the closed-loop systems to further investigate trajectory tracking performance of the EVVT controllers. The amplitude of the sinusoidal signal was set to be 10 deg and centered at 20 deg advance from the most retarded position, and the frequencies of the signals vary from 0.01 to 2.00 Hz. The test results show that both controllers have very good tracking performance at low frequency (see Fig. 13 and Table 6 ). As the excitation frequency increases, the phase responses associated with both controllers show increased phase leg with decreased magnitudes. The two controllers have almost identical gains at different frequencies, but the OCC has less phase delay than the proportional controller.
It was observed that when the test bench engine was running at 1000 rpm, the closed-loop EVVT system has overshoots when the excitation frequency is closed to 1.0 Hz. After 1.5 Hz, the system gain decays quickly. However, the frequency response of the identified fourth order nominal model in Eq. (56) does not show this behavior at 1.0 Hz. To study this phenomena, a seventh order model was obtained using closed-loop system identification at 1000 rpm and its frequency response (predicted performance) was compared with the measured data, obtained from magnitude and phase responses of the sinusoidal input at different frequency, in Fig. 14. A peak near 1.0 Hz can be found in the magnitude of the measured and predicted frequency responses. The overshoot of the closed-loop system can be duplicated under simulation environment using the identified seventh order model at 1000 rpm. However, the physical dynamics behind the phenomenon are still not clear and it is believed that it could be caused by the timing belt vibration.
7.4 Performance Variation Due to the Engine Oil Viscosity. Nonlinear friction in the hydraulic system [34] could also affect the performance of the EVVT. Two different types of engine oil, SAE 5W20 and SAE 30, were used during the bench tests to study this effect. The engine was running at 1500 rpm at room temperature (25 C), and OCC controller (59) was used in both cases. The reference signal was a 20 deg advance step. The 10-90% rising time was 0.3 s for SAE 5W20, and 0.48 s for SAE 30 engine oil. The response time difference is due to the viscous friction in the planetary gear system caused by the engine oil viscosity. Figure 15 shows the system step response and normalized speed difference between the EVVT motor and half engine speed (750 rpm). The EVVT motor speed was saturated at 30 units above 750 rpm with SAE 30 and at about 50 units above 750 rpm with SAE 5W20. The system response slows down as the difference between the EVVT motor and half of the engine speed increases. Notice that the EVVT motor speed is measured by calculating PWM frequency from the EVVT local speed controller.
The test result also suggests that the frictionless assumption during the simulation study is not true. However, on an actual engine, the nominal operating temperature is much higher than the room temperature and the engine oil viscosity will have much less effect for a warm engine than a cold engine.
As a summary, it was observed from the EVVT bench tests that the engine oil viscosity has a large impact on EVVT performance. Since the engine oil is used to lubricate the planetary gear system, the hydraulic friction introduced by the engine oil adds additional load to the electric motor and limits the peak motor speed. As a result the maximum phasing speed is reduced when high viscosity engine oil was used. Two kinds of engine oil with different viscosities were used on the test bench. The results show that at room temperature, the EVVT system response is 1.6 times slower using SAE 30 than using SAE 5W20 engine oil.
Conclusions
An EVVT system with planetary gear-train was modeled based upon individual system component kinematics and dynamics. A closed-loop OCC controller with feedforward was designed to reduce the cam phase tracking error during the SI and HCCI combustion mode transition, where the filtered derivative of the cam reference phase is used as the feedforward control. Compared to the well-tuned PD controllers, simulation results show that the OCC controller provides fast response with low overshot and low tracking error.
An EVVT system was installed on an engine head and bench tests were conducted. The EVVT system plant model was obtained by using closed-loop system identification. The model has fairly similar responses to the physical system. An OCC controller was developed based on the identified model. Different signals were used as reference to test the controller performance. The experimental results showed that the OCC controller provides a faster response time than that of a well-tuned proportional controller. The OCC controller performance also has less phase delay than the proportional controller under high frequency sinusoidal reference input. The bench test results show that the OCC has a better overall performance and is suitable for an HCCI capable SI engine.
The impact of engine oil viscosity was also investigated. The test results showed that the EVVT response slows down as the engine oil viscosity increases. It suggested that it is necessary to use low viscosity engine oil to achieve the maximum performance. This could mean either operating at a high oil temperature or using low viscosity engine oil.
